Viruses of hyperthermophilic archaea represent one of the least understood parts of the virosphere, 33 showing little genomic and morphological similarity to viruses of bacteria or eukaryotes. Here, we 34 investigated virus diversity in the active sulfurous fields of the Campi Flegrei volcano in Pozzuoli, 35 Italy. Virus-like particles displaying eight different morphotypes, including lemon-shaped, 36 droplet-shaped and bottle-shaped virions, were observed and five new archaeal viruses proposed 37 to belong to families Rudiviridae, Globuloviridae and Tristromaviridae were isolated and 38 characterized. Two of these viruses infect neutrophilic hyperthermophiles of the genus 39 Pyrobaculum, whereas the remaining three have rod-shaped virions typical of the family 40 Rudiviridae and infect acidophilic hyperthermophiles belonging to three different genera of the 41 order Sulfolobales, namely, Saccharolobus, Acidianus and Metallosphaera. Notably,
genera. Collectively, our results further show that high-temperature continental hydrothermal 48 systems harbor a highly diverse virome and shed light on the evolution of archaeal viruses.
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INTRODUCTION
Strains of cells were colony purified by plating dilutions of the Sulfolobus/Saccharolobus 144 enrichment cultures onto Phytagel (0.7% [wt/vol]) plates incubated for 7 days at 75 °C. Brownish 145 colonies were toothpicked, inoculated into 1 mL of growth medium and incubated at 75°C for 3 146 days. To isolate the sensitive hosts of the observed VLPs, 5-µl aliquots of concentrated VLP 147 preparations were spotted onto Phytagel (0.3% [wt/vol]) plates containing lawns of each isolate, 148 as described previously [46] . Inhibition zones were cut out from the phytagel and inoculated into 149 20 mL of exponentially growing cultures of the corresponding isolates. After incubation at 75°C 150 for 3 days, the VLPs were concentrated by ultracentrifugation (40,000 rpm, 2h, 10°C, Beckman 151 SW41 rotor), resuspended in buffer A and observed by TEM. Pure virus strains were obtained by 152 two rounds of single-plaque purification, as described previously [34] .
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For Pyrobaculum enrichment cultures, a different approach was carried out since it was not 155 possible to obtain single strain isolates. Growing liquid cultures of P. arsenaticum 2GA [45] , P. 156 arsenaticum PZ6 (DSM 13514) [49] , P. calidifontis VA1 (DSM 21063) [50] and P.
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The host ranges of PFV2 and PSV2 were examined by adding purified virions to the growing 175 cultures of P. arsenaticum PZ6 (DSM 13514) [49] , P. calidifontis VA1 (DSM 21063) and P. 176 oguniense TE7 (DSM 13380) [51] . The virus propagation was monitored by TEM since plaque 177 assays could not be established. with the settings 200/100. The cutoff threshold for non-conserved material was 40%. 218 Nine environmental samples (I1-I9) were collected in hot springs, mud pools and hydrothermally 219 altered terrains of the solfataric fields of the Campi Flegrei volcano in Pozzuoli, Italy, with 220 temperatures ranging from 81 to 96°C and pH values between 1 and 7 (Supplementary 221 Information, Table S1 ). The enrichment cultures were obtained by inoculating the samples into 222 different media favoring the growth of hyperthermophilic members of the genera 223 Sulfolobus/Saccharolobus, Acidianus and Pyrobaculum [45, 46] . Virus-like particles (VLPs) were 224 collected from cell-free culture supernatants and visualized under transmission electron 225 microscope (TEM) as described in Materials and Methods. 
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RESULTS
217
Diversity of virus-like particles in enrichments cultures
Isolation of virus-host pairs 238
In order to isolate VLP-propagating strains, 215 single strain isolates were colony purified from 239 the two enrichment cultures established in the Sulfolobus medium. Concentrated VLPs were first 240 tested against the isolates by spot test. In case of cell growth inhibition, a liquid culture of the 241 isolate was established and infected with the halo zone observed in the spot test. The production 242 of the viral particles was subsequently verified by TEM. As a result, three strains replicating VLPs 243 were identified. Comparison of their 16S rRNA gene sequences showed that the three strains 244 belong to three different genera of the order Sulfolobales, namely, Saccharolobus (until recently 245 known as Sulfolobus), Acidianus and Metallosphaera. The 16S rRNA genes of these strains,
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POZ9, POZ149 and POZ202, respectively, displayed 100%, 99% and 99% identity to the 247 corresponding genes of Acidianus brierleyi DSM 1651 (NZ_CP029289), Saccharolobus 248 solfataricus Ron 12/III (X90483) and Metallosphaera sedula SARC-M1 (CP012176). Rod-shaped 249 particles of different sizes were propagated successfully in the three isolated strains (Figure 2A Figure 2D ) and 267 Pyrobaculum spherical virus 2 (PSV2; Figure 2E ), respectively. Because P. arsenaticum 2GA 268 could not be grown as a lawn on solid medium, dilutions of infected cells were made in order to 269 establish cultures infected with just one type of viral particles. The host ranges of MRV1, ARV3 and SSRV1 were investigated using strains of the 282 genera Acidianus, Sulfolobus and Saccharolobus (Table 1 ). Only ARV3 could be propagated on 283 A. hospitalis, whereas none of the other tested strains served as a host for MRV1 and SSRV1, even 284 though S. solfataricus P1 and P2 were also isolated from the solfataric field in Pozzuoli [53] . The 285 host ranges of PFV2 and PSV2 were studied using strains of the genus Pyrobaculum (Table 1) .
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None of the tested strains supported propagation of PSV2. By contrast, apparent increase in the 287 number of PFV2 particles was observed by TEM in the presence of P. oguniense TE7, albeit not 288 to the same extent as with P. arsenaticum 2GA, indicating that P. oguniense TE7 is not optimal 289 for the virus propagation. Table 2 . Globuloviruses stand out as some of the most mysterious among archaeal viruses, with 98% of 309 their proteins showing no similarity to sequences in public databases [25] . In part, this is due to 310 the fact that the family is represented by only two members, PSV and TTSV1, infecting Table S2 ). ORF3 encodes one of the two 329 proteins with nine putative transmembrane domains and is predicted to function as a membrane 330 transporter, most closely matching bacterial and archaeal cation exchangers (HHpred probability 331 of 95.5%). Interestingly, the product of ORF4 is predicted to be a circadian clock protein KaiB, 332 albeit with a lower probability (HHpred probability of 93% Table S2 ).
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The PFV2 genome is 98.9% identical over 70% of its length to that of PFV1, the type species of 347 the Tristromaviridae family [45] . PFV1 and PFV2 were isolated ~3 years apart, from the same 348 solfataric field in Pozzuoli [45] , suggesting that the population of tristromaviruses is relatively The linear genomes of the isolated rudiviruses have a length ranging from 20,269 to 26,079 bp and 368 a GC content varying between 32.02% and 34.12%. The MRV1 genome contains 80 bp-long TIR, suggesting that the genome is coding-complete (i.e., contains all protein-coding genes). Although 370 no TIRs could be identified for ARV3 and SSRV1, comparison with the genomes of other 371 rudiviruses ( Figure 5 ) suggests that the two genomes are also nearly complete.
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The genomes of MRV1, ARV3 and SSRV1 contain 27, 33 and 37 ORFs, respectively, and display 374 high degree of gene synteny ( Figure 5 ). Comparison of the three genomes showed that they share 375 26 putative proteins, with amino acid sequence identities ranging between 35.1% and 93.9%.
376
Among the previously reported rudiviruses, the three newly isolated viruses share the highest 377 similarity with ARV2 (ANI of ~78%), which was metagenomically sequenced from samples Table S2 ). Notably, some of these hypothetical proteins are shared with other 407 crenarchaeal viruses (families Lipothrixviridae and Bicaudaviridae) isolated from the same 408 location. Remarkably, despite forming a monophyletic group, all rudiviruses originating from Italy infect 420 relatively distant hosts, belonging to three different genera of the order Sulfolobales. Such pattern 421 was highly unexpected, because closely related hyperthermophilic archaeal viruses typically infect 422 hosts from the same genus. Thus, we hypothesized that such pattern of host specificities might 423 signify host switching events in the history of the Italian rudivirus assemblage. CRISPR arrays, 424 which contain spacer sequences derived from mobile genetic elements, keep memory of past 425 infections and are commonly used as indicators for matching the uncultivated viruses to their 426 potential hosts [82] [83] [84] . Thus, to investigate which hosts were exposed to Italian rudiviruses, we 427 searched the CRISPRdb database [85] for the presence of spacers matching the corresponding viral 428 genomes. Spacer matches were found for all five virus genomes, albeit with different levels of 429 identity. Matches with 100% identity were obtained for ARV2, ARV3, SSRV1 and MRV1 430 (Supplementary Information, Table S3 ). Spacers matching ARV2 and ARV3 were found in 431 Saccharolobus solfataricus P1, whereas ARV2 was also targeted by a CRISPR spacer (100% 432 identity) from Metallosphaera sedula DSM 5348. Unexpectedly, MRV1, which infects 433 Metallosphaera species, was matched by spacers from different strains of S. solfataricus. 434 Conversely, SSRV1 infecting S. solfataricus was targeted by multiple spacers from CRISPR arrays 435 of M. sedula DSM 5348 ( Supplementary Information, Table S3 ). These results are consistent with 436 the possibility that in the recent history of Italian rudiviruses, host switching, even across the genus 437 boundary, has been relatively common. (Table S4) . Notably, due to considerable sequence divergence, ARV1 falls into a separate 452 cluster from other Italian rudiviruses. Consistently, in the phylogenomic tree, ARV1 forms a sister 453 group to other Italian rudiviruses. Furthermore, among the five Italian rudiviruses, the genome of 454 ARV1 is most divergent, displaying multiple gene and genomic segment inversions compared to 455 the other viruses ( Figure 5) . Viruses from the seven clades also differ considerably in terms of the 456 variable gene contents. For instance, viruses SIRV1 and SIRV2 isolated in Iceland share 11 genes 457 that are absent from the USA SIRVs [81] . Thus, to acknowledge the differences between the 458 known rudiviruses, we propose to classify them into seven genera: "Icerudivirus" (former 459 Rudivirus,to include SIRV1-SIRV3), "Mexirudivirus" (SMRV1), "Azorudivirus" (SRV),
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"Itarudivirus" (ARV1), "Hoswirudivirus" (ARV2, ARV3, MRV1, SSRV1; hoswi-, for host 461 switching), "Japarudivirus" (SBRV1) and "Usarudivirus" (SIRV4-SIRV11). Virus discovery in the "age of metagenomics" is increasingly performed by culture-independent 465 methods [86], whereby viral genomes are sequenced directly from the environment. This is a 466 powerful approach which has already yielded thousands of viral genomes, providing 467 unprecedented insights into virus diversity, environmental distribution and evolution [82, [87] [88] [89] [90] .
468
The limitation of viral metagenomics, however, is that the host species for the sequenced viruses 469 typically remain unknown, even if occasionally predicted. Furthermore, truly novel viruses, which 470 lack similarity to known reference virus genomes, often escape identification and remain in the so- Tristromaviridae [31, 45, 69, 75, 95] , whereas those of the families Fuselloviridae, Globuloviridae 481 and Guttaviridae, which we observed in the initial enrichment cultures, have not been previously 482 reported from the sampled Pisciarelli sites. Nevertheless, similar virion morphologies have been 483 observed in high-temperature continental hydrothermal systems from other geographical locations 484 across the globe [29, 32, 70, 96, 97] , pointing to global distribution of most groups of 485 hyperthermophilic archaeal viruses. However, how these virus communities are structured and 486 whether geographically remote hydrothermal ecosystems undergo virus immigration is not fully 487 understood.
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A previous study has revealed a biogeographic pattern among Sulfolobus islandicus-infecting 490 rudiviruses isolated from hot springs in Iceland and United States [81] . That is, viruses from the 491 same geographical location were more closely related to each other than they were to viruses from 492 other locations and the larger the distance the more divergent the virus genomes were. Similar 
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Obviously, similar route of dissemination is hardly imaginable for microbial communities thriving 513 in acidic high-temperature hydrothermal settings, offering an explanation for the different patterns 514 observed for hyperthermophilic and hyperhalophilic archaeal viruses. Notably, however, it has 515 been suggested that reversible silicification of virus particles, which is conceivable in hot spring 516 environments, might promote long-distance host-independent virus dispersal [105] .
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We also show, for the first time, that relatively closely related rudiviruses infect phylogenetically 519 distant hosts, belonging to three different genera. This observation is inconsistent with stable 520 coevolution of rudiviruses with their hosts, but rather points to host switch events in the recent 521 history of Italian rudiviruses. At least in the case of rudivirises, relatively few genetic changes 522 appear to be necessary for gaining the ability to infect a new host. In tailed bacteriophages, host 523 range switches are typically associated with mutations in genes encoding the tail fiber proteins 524 responsible for host recognition [106] . Several molecular mechanisms underlying mutability of 525 the tail fiber genes have been described, including genetic drift, diversity generating retroelements 526 and phase variation cassettes. The latter two systems have been demonstrated to function also in 527 viruses infecting anaerobic methane-oxidizing (ANME) and hyperhalophilic archaea, respectively 528 [107, 108] . Both mechanisms depend on specific enzymes, namely, reverse-transcriptase and 529 invertase. However, neither of the two systems is present in rudiviruses, suggesting that genetic 530 drift is the most likely mechanism responsible for generating diversity in the host recognition 531 module of rudiviruses. 
